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We calculate the isospin-mixing parameter for several Tz = −1, Tz = 0 and Tz = 1 nuclei from
Mg to Sn in the particle-number conserving Higher Tamm–Dancoff approach taking into account
the pairing correlations. In particular we investigate the role of the Coulomb interaction and the
|Tz| = 1 pairing correlations. To do so the HTDA approach is implemented with the SIII Skyrme
effective nucleon-nucleon interaction in the mean-field channel and a delta interaction in the pairing
channel. We conclude from this investigation that the pairing correlations bring a large contribution
to isospin-symmetry breaking, whereas the Coulomb interaction turns out to play a less important
role. Moreover we find that the isospin-mixing parameters for Tz = −1 and Tz = 1 nuclei are
comparable while they are about twice as large for Tz = 0 nuclei (between 3% and 6%, including
doubly magic nuclei).
PACS numbers: 21.10.Hw21.60.Jz21.60.Cs
I. INTRODUCTION
One of the most striking aspect of the structure of atomic
nuclei is the very small violation of the isobaric invariance.
This is so even for heavy nuclei where the Coulomb interac-
tion is not thought a priori to act merely in a perturbative
manner. As pointed out for instance in Ref. [1], this is due
to the weak variation of the symmetry-breaking Coulomb
field over the nuclear volume. It has also been suggested
from phenomenological and fundamental (at the levels of
quarks having different masses) points of view that gen-
uine isospin non-conserving parts of the strong interaction
should be considered. They should however be rather small
as compared to their conserving counterparts.
As a consequence, it has been found that a nuclear
ground state |Ψ〉 may be thought as being composed of
mostly a T0 = |Tz| component where Tz = (N −Z)/2 with
a small T0 + 1 admixture, namely
|Ψ〉 ≈ β|T0 Tz〉+ α|T0 + 1Tz〉 , (1)
where α2 + β2 = 1.
Even though in most cases the isobaric invariance may
be flatly assumed, there are phenomena where a specific
knowledge of the isospin mixing is needed. This is in par-
ticular the case whenever some observed transition or reac-
tion would be forbidden, should this invariance be exactly
fulfilled. Interesting cases, where the isospin mixing has to
be considered, are also related with beta-decay properties
(see, e.g., the review of Ref. [2]). Of particular importance
in that respect are the studies of superallowed 0+-to-0+
nuclear β decays in the context of the tests of the CVC hy-
pothesis (see, e.g., Ref. [3]) through ft-value measurements.
Hence, a specific determination of the effect of the isospin
mixing is required to correct the value yielded by the crude
isospin-multiplet approximation (determining thus the so-
called δC corrective term).
Before entering, in a subsequent study, into a detailed
assessment of the transition matrix element involved in such
particular decays, we consider it interesting to evaluate first
the actual importance of the isospin mixing as measured for
instance by α2. This is the subject of the present paper.
Presently available theoretical estimates of the isospin
mixing fall into three different categories.
First, one has to quote the hydrodynamical approach of
Bohr, Damg˚ard and Mottelson [4] which consists in quan-
tifying the normal modes associated with the polarization
effect of the Coulomb field on a spherically symmetrical
isovector density. In N = Z nuclei this approach yields the
probability α2 of the T = 1 component, in sole addition to
the dominating T = 0 component, which is given by
α2 = 3.5× 10−7Z2A2/3 . (2)
It therefore amounts, e.g., for the 40Ca nucleus to about
0.16%. In nuclei having a neutron excess, these authors
estimate that α2 (meaning now the probability of the |Tz|+
1 component over the dominating |Tz| component) is equal
to the value given by Eq. (2) divided by |Tz| + 1. This
reduction, which is expressed in terms of a factor being
merely the square of a Clebsch–Gordan coefficient, has been
first advocated by Lane and Soper [5]. It yields, e.g., for
the 48Ca nucleus, a value of α2 of about 0.04%.
The second class of approaches are based on shell-model
calculations. Their success is contingent, as usual within
such an approach, upon the relevance of the matrix ele-
ments in use. For the description of isospin mixing, an accu-
rate determination of Coulomb matrix elements is of course
of paramount importance (see for instance the discussion of
Coulomb energy differences in A = 47 and A = 49 mirror
pairs [6]). This constitutes an a priori necessary condition
2to provide valuable answers to the question left open on the
real importance of isospin non-conserving forces as studied
for example to explain the isobaric multiplet yrast energies
in Ref. [7]. Other concerns are related to a good description
of radial single-particle wave functions as in, e.g., Ref. [8]
to describe asymmetry factors in parity-violating electron
scattering. One definite difficulty of shell-model calcula-
tions is due to the fact that they do not take into account
any core isospin mixing, excepted of course for the no-core
shell model calculations limited to very light nuclei (see for
instance Ref. [9]).
One might then be inclined to think that microscopic cal-
culations making use of phenomenological nucleon-nucleon
forces should be able to describe the polarization effects of
the Coulomb interaction at least at the mean field level, in
a satisfactory way. Indeed, as opposed to shell-model cal-
culations, mean-field calculations are expected to provide
rather elaborate single-particle wave functions and they do
not rely on any inert core approximation. However, apart
from possible consequences of well-known symmetry vio-
lations inherent to the mean field approximation, they re-
quest as a next very important step to account accurately
for the correlations. This may be done without serious a
priori problems for RPA-type correlations, as performed for
instance in [10, 11]. In Ref. [10], it is shown that the hy-
drodynamical ansatz of Ref. [4] underestimates the isospin
mixing by a factor 2 to 4 (see Fig. 3 of [10]). It is im-
portant to note that the latter approach does not include
important correlations, namely pairing correlations. There
are good practical reasons for such an omission. The usual
handling of pairing correlations within a kind of Bogoli-
ubov quasiparticle vacuum approximation as in the BCS
or Hartree–Fock–Bogoliubov theory is totally unfit for the
isospin mixing problem. Indeed, such an ansatz yields spu-
rious components of both charge state particle numbers,
giving rise in turn to a spurious mixing of Tz-components
which invalidates a priori any attempt to extract out of
them any meaningful T -mixing properties.
This is why we make use here of the Higher Tamm–
Dancoff approach (HTDA) which can be interpreted as
a highly truncated shell model built on a self-consistent
Hartree–Fock solution [12, 13, 14, 15]. At this stage we fo-
cus on the role of |Tz| = 1 pairing correlations, which gives
us an upper limit of the isospin mixing parameter since
proton-neutron pairing correlations are expected to reduce
the isospin mixing as it will be discussed below. For the
time-being we will not evaluate the effect of RPA correla-
tions which could be (and will soon be) easily taken into
account into the HTDA framework.
To determine α2, we should in principle perform a projec-
tion of the ground state |Ψ〉 on good isospin states |T Tz〉.
Assuming, however, that components higher than T0+1 are
negligible, as in Eq. (1), we can deduce α2 from the calcu-
lation of the expectation value of the square of the isospin
operator Tˆ in the state |Ψ〉. Indeed, if |Ψ〉 is normalized to
unity and assuming that the dominant contribution of the
ground-state (GS) isospin comes from T0 = |Tz|, we have
〈Ψ|Tˆ2|Ψ〉 = (1− α2) T0 (T0 + 1) + α2 (T0 + 1) (T0 + 2) ,
(3)
hence
α2 =
〈Ψ|Tˆ2|Ψ〉 − T0(T0 + 1)
2(T0 + 1)
. (4)
The paper is organized as follows. After the derivation of
the expression for the expectation value of Tˆ2 in the state
|Ψ〉 in Sect. II, we present in Sect. III the results of the
HTDA calculations for the GS properties and the values
of all relevant isospin quantities, such as the expectation
value 〈Ψ|Tˆ2|Ψ〉, the deduced value of T and the isospin-
mixing parameter α2 for a large sample of nuclei. The
main conclusions of this study are drawn in Sect. IV.
II. EXPECTATION VALUE OF Tˆ2 IN THE
HIGHER TAMM–DANCOFF APPROACH
A. Correlated ground state in the Higher
Tamm–Dancoff approach
Neglecting here the proton-neutron residual interaction,
we can write the many-body state |Ψ〉 describing the ground
state of a nucleus as the product of the correlated states
|Ψ(n)〉 and |Ψ(p)〉
|Ψ〉 = |Ψ(n)〉 ⊗ |Ψ(p)〉 , (5)
where, in the HTDA approach, |Ψ(q)〉 (q = n for neutrons
and q = p for protons) is a superposition of Nq-particle
Slater determinants (Nq = N for neutrons and Nq = Z for
protons) of the form
|Ψ(q)〉 = χ(q)0 |Φ(q)0 〉+
∑
i>0
χ
(q)
i |Φ(q)i 〉 . (6)
In Eq. (6), |Φ(q)0 〉 denotes the Hartree–Fock (HF) ground
state and the |Φ(q)i 〉 are n-particle–n-hole excited states
built on |Φ(q)0 〉1. The a priori complex coefficients χ(q)0 and
χ
(q)
i are determined by minimizing the energy functional
calculated for |Ψ(q)〉. In fact, in order for the many-body
state |Ψ〉, when constructed with real single particle wave
functions, to be time-reversal invariant, the coefficients χ
(q)
0
and χ
(q)
n must be real.
B. Expression of the expectation value of Tˆ2
Since Tˆ2 is an hermitian operator (see Appendix A for
its definition and properties), its expectation value in the
1 For the sake of clarity in the notation, we reserve the letter Φ for a
Slater determinant and the letter Ψ for a correlated state.
3HTDA state |Ψ〉 reads
〈Ψ|Tˆ2|Ψ〉 =∑
i,j
(
χ
(n)
i χ
(p)
j
)2(〈Φ(n)i | ⊗ 〈Φ(p)j |)Tˆ2(|Φ(n)i 〉 ⊗ |Φ(p)j 〉)
+ 2
∑
i6i′,j6j′
(i′,j′) 6=(i,j)
χ
(n)
i χ
(p)
j χ
(n)
i′ χ
(p)
j′ ×
Re
[(〈Φ(n)i | ⊗ 〈Φ(p)j |)Tˆ2(|Φ(n)i′ 〉 ⊗ |Φ(p)j′ 〉)] ,
(7)
where Re(z) denotes the real part of the complex number
z. Since Tˆ2 is a sum of one-body and two-body operators,
the only contributions in the off-diagonal term of Eq.(7) are
therefore those for which |Φ(n)i 〉⊗ |Φ(p)j 〉 and |Φ(n)i′ 〉⊗ |Φ(p)j′ 〉
differ by a particle-hole excitation of order less than or equal
to 2. In the following it will be useful to recall that, if |Φ(n)i 〉
and |Φ(p)j 〉 are Slater determinants of N and Z particles,
respectively, then |Φ(n)i 〉 ⊗ |Φ(p)j 〉 is a Slater determinant of
A = N + Z particles. Moreover, a Slater determinant |Φi〉
without indication of its charge state q is to be understood
as a product of a neutron |Φ(n)j 〉 and a proton |Φ(p)k 〉 Slater
determinants. Finally we recall that the number of particles
of each charge state q is even since we treat here even-even
nuclei only.
Using the expressions for the isospin operator developed
in Appendix A, it is easy to show that the diagonal matrix
element of Tˆ2 can be written in the form(〈Φ(n)i | ⊗ 〈Φ(p)j |)Tˆ2(|Φ(n)i 〉 ⊗ |Φ(p)j 〉) = A2 + (N − Z)24
−
∑
k∈Φ(n)
i
∑
ℓ∈Φ(p)
j
|〈k|ℓ〉space−spin|2 ,
(8)
where the notations 〈k|ℓ〉space−spin and
∑
k∈Φ(n)
i
are defined
in Appendix A. It is important to note that the sums over
the occupied single-particle states of |Φ(n)i 〉 and |Φ(p)j 〉 can-
not be a priori reduced to sums over time-reversed partner
states, except for the many-body states (including |Φ0〉) in
which the single-particle states are all paired. When this
is not the case, the contributions of the form 〈k|ℓ〉space−spin
or 〈k|ℓ〉space−spin (where |k〉 is the time-reversed partner of
|k〉) vanish. Therefore the expectation value of Tˆ2 in the
Hartree–Fock ground state |Φ0〉 is a special case of Eq. (8).
The contribution 〈Ψ|Tˆ2|Ψ〉diag of the diagonal terms in
Eq. (8) to the expectation value of Tˆ2 finally writes
〈Ψ|Tˆ2|Ψ〉diag = A
2
+
(N − Z)2
4
−
∑
i,j
(
χ
(n)
i χ
(p)
j
)2 ∑
k∈Φ(n)i
∑
ℓ∈Φ(p)j
|〈k|ℓ〉space−spin|2 . (9)
To calculate the off-diagonal matrix elements we can ex-
ploit the fact that one of the two Slater determinants of a
given charge state is expressed as a n-particle–n-hole ex-
citation with respect to the other one. This gives sim-
ple expressions for the matrix elements but for each pair
of Slater determinants |Φ(q)i 〉 and |Φ(q)j 〉 we have to deter-
mine the single-particle states |i1〉, ... , |in〉, |j1〉, ... ,
|jn〉 (hole or particle states of |Φ0〉) such that |Φ(q)j 〉 =
ϕij a
†
i1
· · · a†inaj1 · · ·ajn |Φ
(q)
i 〉 , where ϕij = ±1 is a phase
factor determined in Appendix B.
The non vanishing off-diagonal matrix element of Tˆ2 in-
volving two Slater determinants differing by a 1-particle–1-
hole excitation a†iaj with i 6= j is given by(〈Φ(n)i | ⊗ 〈Φ(p)j |)Tˆ2a†kaℓ(|Φ(n)i 〉 ⊗ |Φ(p)j 〉) =
− δknδℓn
∑
m∈Φ(p)
j
〈ℓ|m〉space−spin 〈m|k〉space−spin
− δkpδℓp
∑
m∈Φ(n)
i
〈ℓ|m〉space−spin 〈m|k〉space−spin .
(10)
Finally, for two Slater determinants differing by a
2-particle–2-hole excitation a†i1a
†
i2
aj1aj2 with {i1, i2} ∩
{j1, j2} = ∅, we have(〈Φ(n)i | ⊗ 〈Φ(p)j |)Tˆ2a†k1 a†k2 aℓ1aℓ2(|Φ(n)i 〉 ⊗ |Φ(p)j 〉) =
(δk1n δk2p δℓ1p δℓ2n + δk1p δk2n δℓ1n δℓ2p)×
〈ℓ1|k1〉space−spin 〈ℓ2|k2〉space−spin
− (δk1p δk2n δℓ1p δℓ2n + δk1n δk2p δℓ1n δℓ2p)×
〈ℓ1|k2〉space−spin 〈ℓ2|k1〉space−spin .
(11)
From Eqs. (10) and (11) we deduce that the non van-
ishing off-diagonal contribution 〈Ψ|Tˆ2|Ψ〉off−diag to the ex-
pectation value of Tˆ2 takes the form
〈Ψ|Tˆ2|Ψ〉off−diag =2
∑
i,j
χ
(n)
i
(
χ
(p)
j
)2 ∑
i′=1p1h(i)
χ
(n)
i′
(〈Φ(n)i | ⊗ 〈Φ(p)j |)Tˆ2(|Φ(n)i′ 〉 ⊗ |Φ(p)j 〉)
+ 2
∑
i,j
(
χ
(n)
i
)2
χ
(p)
j
∑
j′=1p1h(j)
χ
(p)
j′
(〈Φ(n)i | ⊗ 〈Φ(p)j |)Tˆ2(|Φ(n)i 〉 ⊗ |Φ(p)j′ 〉)
+ 2
∑
i,j
χ
(n)
i χ
(p)
j
∑
i′=1p1h(i)
j′=1p1h(j)
χ
(n)
i′ χ
(p)
j′
(〈Φ(n)i | ⊗ 〈Φ(p)j |)Tˆ2(|Φ(n)i′ 〉 ⊗ |Φ(p)j′ 〉) .
(12)
4The first two terms of 〈Ψ|Tˆ2|Ψ〉off−diag are calculated using
respectively the first or the second term of the right hand
side of Eq. (10), whereas the third term of 〈Ψ|Tˆ2|Ψ〉off−diag
corresponds to one of the four series of δ products in the
right hand side of Eq. (11). In practice, the sum of all off-
diagonal terms is at least two orders of magnitude smaller
than 〈Ψ|Tˆ2|Ψ〉diag.
C. Limiting cases
We consider in this subsection two relevant limiting cases:
the Hartree–Fock limit and the limit of identical neutron
and proton single-particle states. We will refer to theses
limits in Sect. III to interpret some results.
In the Hartree–Fock limit where χ
(τ)
i = δi 0, we can de-
duce from Eqs. (8), (10) and (11) that the off-diagonal ma-
trix elements vanish. The expectation value of Tˆ2 thus
simply becomes
〈Ψ|Tˆ2|Ψ〉 = 〈Φ0|Tˆ2|Φ0〉 =
A
2
+
(N − Z)2
4
−
∑
k∈Φ(n)0
∑
ℓ∈Φ(p)0
|〈k|ℓ〉space−spin|2 . (13)
In the limit where the neutron and proton single-particle
states are assumed to be identical, the diagonal contribu-
tion (9) to 〈Ψ|Tˆ2|Ψ〉 becomes
〈Ψ|Tˆ2|Ψ〉diag =T0 (T0 + 1)
+
∑
i,j
(i,j) 6=(0,0)
(χ
(n)
i χ
(p)
j )
2R(Φ(n)i ,Φ(p)j ) ,
(14)
where T0 = |Tz| and R(Φ(n)i ,Φ(p)j ) denotes the relative ex-
citation order of |Φ(n)i 〉 with respect of |Φ(p)j 〉 (see Eq. (B-8)
of Appendix B). Therefore the isospin-mixing parameter
takes, in this model case of identical neutron and proton
single-particle states, the simple form
α2 =
1
2(T0 + 1)
∑
i,j
(i,j) 6=(0,0)
(χ
(n)
i χ
(p)
j )
2R(Φ(n)i ,Φ(p)j ) . (15)
III. RESULTS AND DISCUSSION
We study the isospin symmetry breaking through the
isospin-mixing parameter α2 defined in Eq. (4) for Tz = −1,
Tz = 0 and Tz = 1 nuclei of eight elements, namely Z = 12
(Mg), Z = 16 (S), Z = 20 (Ca), Z = 24 (Cr), Z = 28 (Ni),
Z = 36 (Kr), Z = 40 (Zr) and Z = 50 (Sn).
To evaluate the expectation value 〈Ψ|Tˆ2|Ψ〉 we need a re-
liable description of the ground states of these nuclei. For
that purpose, we follow the two-step approach of Ref. [15]
where it was applied to study GS pairing properties of
N = Z nuclei in the mass A ≈ 70 region. Since the above
considered nuclei exhibit no triaxial deformation in their
ground state, we can search for GS solutions possessing
axial symmetry. In the first step, we determine the GS
deformation within the Hartree–Fock–BCS (HFBCS) ap-
proach. To do so, we use the Skyrme interaction in its SIII
parametrization [16] in the mean-field channel, and the se-
niority force in the pairing channel. For the latter we re-
tain the same set of parameters as in Ref. [15], where they
were adjusted to reproduce experimental odd-even mass dif-
ferences through a 3-point formula (G
(n)
0 = 17.70 MeV,
G
(p)
0 = 15.93 MeV, ∆ǫ = 6 MeV and µ = 0.2 MeV). In
practice, we use 15 oscillator major shells to expand the
single-particle states on the cylindrical harmonic-oscillator
basis and optimize the basis parameters at the GS deforma-
tion so as to obtain the lowest HFBCS binding energy. In
the second step, we calculate GS properties in the HTDA
approach from the above HFBCS solution. The residual
interaction employed is the delta interaction of Ref. [15]
adjusted in the same way as above for the seniority force
but with ∆ǫ = 12 MeV. The optimal values V
(q)
0 of the
strength were found to be V
(n)
0 = −340 MeV.fm3 and
V
(p)
0 = −306 MeV.fm3 (this fit has been performed on
the neutron pairing strength upon the simple approxima-
tion that V
(p)
0 is quenched by 10% with respect to V
(n)
0
because of the anti-pairing contribution of the Coulomb in-
teraction). However, keeping the same interaction strength
throughout the whole considered nuclear region, we have
taken care of the well-known A−1/3 energy scale by varying
the active pairing window: ∆ǫ = 12 × (72/A)1/3 MeV and
µ = 0.2 ×(72/A)1/3 MeV, which yields for A = 72 the same
window parameters as those of Ref. [15].
The GS properties calculated here are the charge radius
rc, the β2 deformation parameter (see Appendix C), the
mass quadrupole (Q20) and hexadecapole (Q40) moments,
the neutron and proton pair-condensation energies E
(q)
cond,
the trace of the operator
√
ρˆ(1− ρˆ), which is equal to the
sum
∑
i uivi with ui =
√
1− v2i and vi =
√
ρii, with ρˆ
being the one-body density (see Ref. [15]), and the total
binding energy Eb. The results are reported in Table I.
The resulting HTDA ground state |Ψ〉 is then used to cal-
culate the expectation value of the Tˆ2 operator. In practice
the off-diagonal term (12) turns out to be negligible with
respect to the diagonal contribution (9) and therefore can
be safely omitted in the calculations. Then, from the value
of 〈Ψ|Tˆ2|Ψ〉, we deduce the T -value defined by
〈Ψ|Tˆ2|Ψ〉 = T (T + 1) . (16)
We present the values of 〈Ψ|Tˆ2|Ψ〉, T and α2 in the columns
labeled “HTDA” in Table II and in Fig. 1 we show the
variation with Z of the isospin-mixing parameter α2 within
the HTDA approach for the above twenty four nuclei.
Apart from a dip around 56Ni, α2 increases with Z, faster
for the N = Z nuclei than for the others. Moreover the
dip is deeper for the former nuclei. We also note that the
isospin-mixing parameters for Tz = −1 and Tz = 1 nuclei
are very similar and are about a factor of two smaller than
for Tz = 0 nuclei.
A precise determination of the isospin-mixing parameter
5TABLE I: Ground-state properties of the twenty-one studied nuclei calculated within the HTDA approach. from left to right:
the charge radius rc, the β2 deformation parameter (calculated as in Eq. (C-6) of Appendix C), the mass quadrupole (Q20) and
hexadecapole (Q40) moments, the neutron and proton pair-condensation energies E
(q)
cond.
Nucleus rc (fm) β2 Q20 (fm
2) Q40 (fm
4)
Econd (MeV)
P
i
uivi
Eb (MeV)
n p n p
22Mg 3.107 0.346 92.1 147.8 -0.737 -0.687 1.391 1.408 -169.038
24Mg 3.127 0.362 110.2 105.4 -0.669 -0.542 1.232 1.133 -196.350
26Mg 3.085 0.220 69.4 42.4 -0.715 -0.574 1.445 1.337 -215.591
30S 3.262 0.000 -0.0 0.1 -0.562 -0.521 1.191 1.385 -242.770
32S 3.299 0.192 83.3 -35.2 -0.604 -0.488 1.299 1.184 -268.322
34S 3.309 0.096 44.3 -8.8 -0.838 -0.501 2.027 1.352 -287.737
38Ca 3.479 -0.002 -1.0 -0.0 -0.855 -0.774 3.206 1.662 -311.842
40Ca 3.497 0.000 0.0 0.0 -0.727 -0.656 1.488 1.516 -342.405
42Ca 3.510 -0.003 -1.6 1.8 -1.578 -0.530 4.525 1.284 -361.798
46Cr 3.666 0.158 120.9 356.1 -0.837 -0.769 2.242 2.087 -380.765
48Cr 3.709 0.241 203.7 666.9 -0.670 -0.571 1.632 1.524 -409.845
50Cr 3.708 0.210 185.2 326.3 -0.692 -0.557 1.714 1.581 -434.312
54Ni 3.788 0.002 2.0 -0.4 -1.058 -0.393 4.259 1.201 -452.236
56Ni 3.803 0.000 -0.0 0.1 -0.442 -0.362 1.254 1.148 -483.833
58Ni 3.828 0.002 2.3 -0.3 -0.652 -0.353 3.378 1.137 -502.966
70Kr 4.193 -0.308 -395.4 799.7 -0.536 -0.572 1.701 1.863 -573.651
72Kr 4.222 -0.352 -468.1 1140.3 -0.531 -0.479 1.670 1.647 -601.580
74Kr 4.235 -0.350 -487.0 1092.7 -0.724 -0.443 2.658 1.581 -624.463
78Zr 4.392 0.392 785.9 1901.3 -0.485 -0.450 1.594 1.614 -636.298
80Zr 4.414 0.398 834.2 1589.4 -0.503 -0.456 1.663 1.606 -663.977
82Zr 4.439 0.418 919.0 2221.2 -0.486 -0.445 1.753 1.586 -687.473
98Sn 4.524 0.000 -0.7 -10.6 -0.841 -0.367 4.992 1.430 -793.287
100Sn 4.535 0.000 0.1 -0.1 -0.418 -0.349 1.498 1.392 -826.870
102Sn 4.554 0.000 -0.1 7.6 -0.709 -0.342 5.277 1.381 -846.359
requires that some great care be exerted in the calculations.
This is illustrated in some typical examples in Appendix D.
Here we merely discuss the most important points.
First of all, we need to make sure that we have obtained
a perfect consistency between the wave functions and the
mean field including its Coulomb isospin-breaking part. In
Appendix D we show that a poor convergence of the iter-
ative process may lead to drastic distortions in the isospin
mixing evaluations.
A second important point is related to the quantal char-
acter of the assessed quantity. As exemplified in Ap-
pendix D, it appears that in order to get reliable α2 val-
ues, one should include almost all Slater determinant com-
ponents |Φi〉 of the correlated wave function |Ψ〉, even
those appearing in |Ψ〉 with a relatively minute probability(
χ
(q)
i
)2
, because of constructive interference effects.
A last technical point is worth noting here. It deals with
the question of the independence of our results with the
harmonic oscillator basis parameters b and q (see their def-
inition, e.g., in Ref. [17]) in the expansion of the single-
particle wave functions. One might have been concerned by
the fact that this optimization has been performed merely
at the level of the preliminary HFBCS calculations and not
at the final stage of our HTDA approach. However it has
been checked that an energy optimization of HTDA results
leaves unchanged the calculated α2 values, as shown on one
example in Appendix D.
We now investigate several sources of isospin symmetry
breaking.
A. Roles of the neutron-proton mass difference and
the Coulomb interaction
We investigate separately the sensitivity of our results to
the neutron-proton mass difference and to the presence of
the Coulomb interaction.
It turns out that the former plays virtually no role at
all. For 40Ca, for instance, upon suppressing the one-body
center of mass correction (involving a 1/A term, ambigu-
ous in this context), we found that the mass difference is
6TABLE II: Expectation value of Tˆ2, isospin T from Eq. (16) and isospin-mixing parameter α2 from Eq. (4) calculated within
the HTDA and HFBCS approaches at the ground states determined in Table I. The columns labeled “HF” correspond to the
contributions to the above three quantities coming from the Slater determinant |Φ0〉 in the HTDA ground state expansion of
Eqs. (5) and (6). The values given in italic are obtained without Coulomb interaction.
Nucleus
〈Ψ|Tˆ2|Ψ〉 T α2 (%)
HTDA “HF” HFBCS HTDA “HF” HFBCS HTDA “HF” HFBCS
Tz = −1
22Mg 2.054 2.018 2.137 1.018 1.006 1.045 1.3 0.5 3.4
2.049 2.014 2.186 1.016 1.005 1.061 1.2 0.3 4.6
30S 2.046 2.009 2.362 1.015 1.003 1.116 1.2 0.2 9.1
2.038 2.003 2.270 1.013 1.001 1.088 0.9 0.1 6.8
38Ca 2.077 2.025 2.904 1.025 1.008 1.276 1.9 0.6 22.6
2.052 2.003 2.890 1.017 1.001 1.272 1.3 0.1 22.3
46Cr 2.090 2.016 3.769 1.030 1.005 1.505 2.3 0.4 44.2
54Ni 2.048 2.019 2.857 1.016 1.006 1.263 1.2 0.5 21.4
2.030 2.003 2.837 1.010 1.001 1.257 0.8 0.1 20.9
70Kr 2.091 2.038 3.967 1.030 1.013 1.554 2.3 1.0 49.2
2.054 2.003 4.398 1.018 1.001 1.656 1.3 0.1 60.0
78Zr 2.085 2.043 2.680 1.028 1.014 1.212 2.1 1.1 17.0
2.043 2.005 2.772 1.014 1.002 1.238 1.1 0.1 19.3
98Sn 2.093 2.068 2.896 1.031 1.022 1.274 2.3 1.7 22.4
2.024 2.002 2.832 1.008 1.001 1.256 0.6 0.0 20.8
Tz = 0
24Mg 0.060 0.003 0.003 0.057 0.003 0.003 3.0 0.2 0.2
0.056 0.000 0.000 0.054 0.000 0.000 2.8 0.0 0.0
32S 0.066 0.008 0.008 0.062 0.007 0.007 3.3 0.4 0.4
0.057 0.000 0.000 0.054 0.000 0.000 2.8 0.0 0.0
40Ca 0.085 0.011 0.011 0.078 0.011 0.011 4.2 0.5 0.5
0.070 0.000 0.000 0.066 0.000 0.000 3.5 0.0 0.0
48Cr 0.092 0.015 0.163 0.085 0.015 0.142 4.6 0.8 8.1
0.081 0.000 0.545 0.076 0.000 0.392 4.1 0.0 27.3
56Ni 0.062 0.020 0.020 0.059 0.020 0.020 3.1 1.0 1.0
0.040 0.000 0.000 0.038 0.000 0.000 2.0 0.0 0.0
72Kr 0.107 0.038 0.978 0.098 0.037 0.608 5.4 1.9 48.9
0.068 0.000 1.667 0.064 0.000 0.885 3.4 0.0 83.4
80Zr 0.105 0.046 1.083 0.096 0.044 0.655 5.2 2.3 54.2
0.051 0.000 1.091 0.049 0.000 0.658 2.6 0.0 54.6
100Sn 0.113 0.073 0.073 0.103 0.069 0.069 5.7 3.7 3.7
0.036 0.000 0.000 0.035 0.000 0.000 1.8 0.0 0.0
Tz = 1
26Mg 2.062 2.025 2.189 1.020 1.008 1.062 1.5 0.6 4.7
2.057 2.021 2.269 1.019 1.007 1.087 1.4 0.5 6.7
34S 2.057 2.003 3.493 1.019 1.001 1.435 1.4 0.1 37.3
2.055 2.003 3.362 1.018 1.001 1.401 1.4 0.1 34.0
42Ca 2.056 2.018 3.037 1.018 1.006 1.313 1.4 0.4 25.9
2.041 2.004 3.029 1.013 1.001 1.311 1.0 0.1 25.7
50Cr 2.072 2.026 2.528 1.024 1.009 1.167 1.8 0.7 13.2
2.052 2.008 2.726 1.017 1.003 1.225 1.3 0.2 18.2
58Ni 2.049 2.018 3.193 1.016 1.006 1.356 1.2 0.5 29.8
2.030 2.001 3.129 1.010 1.000 1.338 0.8 0.0 28.2
74Kr 2.094 2.042 3.910 1.031 1.014 1.540 2.3 1.1 47.7
82Zr 2.090 2.044 3.624 1.030 1.015 1.468 2.3 1.1 40.6
102Sn 2.094 2.069 3.582 1.031 1.023 1.458 2.3 1.7 39.5
2.022 2.000 3.437 1.007 1.000 1.420 0.6 0.0 35.9
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FIG. 1: Variation with Z of the isospin-mixing parameter α2
calculated within the HTDA approach for Tz = −1 (open cir-
cles), Tz = 0 (open triangles) and Tz = 1 (open squares) nuclei.
responsible for a variation in α2 of the order of one part in
104. It is neglected in the remainder of the paper.
As can be seen from the columns “HTDA” of Table II
where the results obtained without the Coulomb interaction
are shown in italic, the Coulomb interaction has a more
noticeable effect which still remains rather weak for the
light nuclei considered here. In this comparative study, we
do not include the results for 46Cr, 74Kr and 82Zr because
the GS solutions without Coulomb interaction differ too
much from the ones obtained in the full calculations to make
a comparison meaningful.
B. Role of the particle-number conservation
A very interesting issue consists in investigating the qual-
ity of the particle-number conserving pairing treatment
(here in the |Tz| = 1 channel only) obtained by the HTDA
approach as compared to approximations (as in the HFBCS
calculations preliminary to our HTDA evaluation) which
violate particle-number conservation. For that purpose,
we evaluate the expectation value of Tˆ2 from the HFBCS
ground state and deduce the value of the isospin-mixing
parameter through Eq. (4). The expectation value of Tˆ2 in
a BCS state normalized to unity, noted |BCS〉, reads
〈BCS|Tˆ2|BCS〉 = A+ 1
4
(N− Z)2 −
∑
i>0
v4i
− 2
∑
i>0
(n)v2i
∑
k>0
(p)v2k
∣∣〈i|k〉space−spin∣∣2 , (17)
where the sums
∑
i>0
(n),
∑
k>0
(p) and
∑
i>0 run over neu-
tron, proton and all pairs of time-reversed single-particle
states of the form
{|i〉, |¯i〉}, respectively. The resulting val-
ues of 〈BCS|Tˆ2|BCS〉, T and α2 are reported in the columns
labeled “BCS” of Table II .
In cases where pairing correlations are ineffective in the
BCS treatment (one is then below the phase transition to
the superfluid phase), the value of α2 is very small, since in
that case essentially a single Slater determinant is describ-
ing the nuclear state and the particle number is trivially
conserved. In contrast, for those nuclei where pairing plays
a non negligible role, the values of the parameter α2 turn
out to take on completely unrealistic values as, e.g., for the
nuclei 38Ca or 80Zr. In fact, as shown in Fig. 2, there is
a strong correlation between α2 calculated in the HFBCS
approach and the particle-number fluctuation ∆N +∆Z in
the BCS state, where ∆Nq is defined by
∆Nq =
√
〈BCS|Nˆ2q |BCS〉 −N2q . (18)
With the exception of 72Kr and 80Zr, all the points lie ap-
proximately on a straight line in the (α2,∆N +∆Z) plane
as can be seen in Fig. 2.
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FIG. 2: Correlation between α2 and the particle-number fluctu-
ation ∆N +∆Z within the HFBCS approach for all twenty four
Tz = −1, Tz = 0 and Tz = 1 nuclei.
C. Role of the pairing correlations
In order to assess the importance of pairing correlations
on the isospin-mixing rate, we also calculate the expec-
tation value of Tˆ2 in the Slater determinant |Φ0〉 using
Eq. (13). The resulting values for 〈Φ0|Tˆ2|Φ0〉, T and α2
are reported in the columns labeled “HF” of Table II. In
general 〈Φ0|Tˆ2|Φ0〉 is different from the value that would
result from a pure HF calculation because |Φ0〉 is the Slater
determinant built up from the single-particle states result-
ing from the first-step HFBCS calculation. This difference
8vanishes of course for nuclei in which BCS predicts no pair-
ing correlations, which is the case here for the doubly magic
nuclei as well as 24Mg and 32S.
For nuclei exhibiting weak pairing correlations, the “HF”
results are, quite expectedly, close to the HTDA predic-
tions. Otherwise, the HTDA results are significantly larger
than the “HF” ones. The Tz = 0 pairing correlations are
therefore an important source of isospin symmetry break-
ing. This is conspicuous from Fig. 3 which shows the strong
correlation between the variations of α2 and
∑
i uivi with
Z for N = Z nuclei.
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FIG. 3: Correlated variations with Z of α2 (solid circles) andP
i
uivi (open circles) for Tz = 0 nuclei calculated within the
HTDA approach.
The large values of the isospin-mixing parameter found
particularly in the Tz = 0 doubly-magic nuclei can be ex-
plained as follows taking the example of 40Ca. As can be
seen in Table II, the Coulomb contribution to the isospin
mixing in HTDA calculations can be considered as small.
We can therefore make the approximation that the neu-
tron and proton single-particle states of 40Ca are virtually
identical and use Eq. (15) to estimate α2. Moreover, the
largely dominant contributions to the particle-hole excita-
tion expansion of |Ψ〉 in Eqs. (5) and (6) come from one-pair
excitations so that we can write α2 approximately as
α2 ≈ 1
2(T0 + 1)
[(
χ
(n)
0
)2∑
j 6=0
(
χ
(p)
j
)2R(Φ(n)0 ,Φ(p)j )
+
(
χ
(p)
0
)2∑
i6=0
(
χ
(n)
i
)2R(Φ(p)0 ,Φ(n)i )
+
∑
i6=0
j 6=0
(
χ
(n)
i
)2(
χ
(p)
j
)2R(Φ(n)i ,Φ(p)j )] ,
(19)
where the relative excitation order of |Φ(n)i 〉 with respect to
Φ
(p)
j is simply given, here, by
R(Φ(n)i ,Φ(p)j ) =

0 if i = 0, j = 0;
2 if i = 0, j 6= 0 or i 6= 0, j = 0;
4 otherwise.
(20)
Since the states |Ψ(q)〉 are normalized to unity, we have∑
i6=0
(
χ
(q)
i
)2
= 1− (χ(q)0 )2 , (21)
and we finally obtain
α2 ≈ 1
T0 + 1
[
2− (χ(n)0 )2 − (χ(p)0 )2] . (22)
Since Eq. (22) overestimates the importance of one-pair ex-
citations in |Ψ〉 through the estimates of Eq. (20) and given
the very small contribution to |Ψ〉 coming from the particle-
hole excitations other than one-pair excitations, we con-
clude that the value of α2 calculated with Eq. (22) should
lie between the values obtained in the full HTDA calcula-
tions without and with Coulomb interaction. In the case
of 40Ca, we find
(
χ
(n)
0
)2
= 0.9804 and
(
χ
(p)
0
)2
= 0.9825.
This yields α2 ≈ 3.7%, which is slightly larger than the
3.5% obtained in the HTDA calculation without Coulomb
interaction and smaller than the value of 4.2% from the full
HTDA calculation, as expected.
Finally, it is interesting to note (see Table II) that the
value of α2 for a given nucleus obtained in a full HTDA
calculation can be written, to a good approximation, as the
sum of the “no Coulomb” HTDA result (including pairing
correlations) and the “HF” result (no pairing, but including
the full Coulomb field).
D. Discussion
In Fig. 4 we compare, for the above eight N = Z nu-
clei, the α2 values calculated in our HTDA model with the
estimates obtained in the hydrodynamical model of Bohr,
Damg˚ard and Mottelson [4], and with the calculations by
Hamamoto and Sagawa [10] in the Hartree–Fock-plus-RPA
approach with the SIII Skyrme interaction. Each model
predicts an increasing trend of α2 with Z. The HTDA
approach, as presently applied with |Tz| = 1 pairing corre-
lations only, predicts a larger isospin mixing than the RPA
calculations (which do not include pairing correlations).
It is important to recall that only |Tz| = 1 pairing corre-
lations are considered here. We expect the values of α2 ob-
tained by including, in addition, pairing correlations in the
Tz = 0 channel to be smaller than the present values. In-
deed, in presence of proton-neutron correlations, the |Tz| =
1 pairing correlations, being effected by a smaller proba-
bility amplitude, would contribute less to the total HTDA
wave function. Correlatively, they would be replaced essen-
tially by configurations of the type a†iaj |Φ(n)0 〉 ⊗ a†kaℓ|Φ(p)0 〉
where the neutron and proton hole states |j〉 and |ℓ〉 on
the one hand, the neutron and proton particle states |i〉
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FIG. 4: Variation with Z of the isospin-mixing parameter α2
of Tz = 0 nuclei calculated within the HTDA approach (solid
circles), by Hamamoto et al. [10] in the RPA approach (open
circles) and by Bohr et al. [4] in a hydrodynamical model (dashed
line).
and |k〉 on the other hand, are similar. The relative excita-
tion order between two such one-particle–one-hole neutron,
one-particle–one-hole proton configurations would thus be
on average smaller than that between two one-pair exci-
tation neutron, one-pair excitation proton configurations
which reaches about 4 from Eq. (20). However, the further
addition of RPA correlations, which can be treated in the
HTDA framework on the same footing as the pairing corre-
lations, would compensate the effect of the Tz = 0 pairing
correlations and the net result may be close to the present
result.
IV. CONCLUSION
We have shown that the HTDA approach is a reliable
model to address the isospin–mixing issue because such an
approach can include the pairing correlations in a consis-
tent way while conserving the particle-number, in contrast
to Hartree–Fock–Bogoliubov and Hartree–Fock–BCS treat-
ments.
From HTDA calculations, we have learned that the dif-
ference between the neutron and proton masses has a negli-
gible impact on the expectation value of Tˆ2 and that the ef-
fect of the Coulomb interaction is rather small as compared
to the effect of the |Tz| = 1 correlations. Moreover the
stronger isospin symmetry breaking is found in the N = Z
nuclei.
To obtain a more complete description, both neutron-
proton pairing and RPA-type correlations need to be taken
into account. Both of these can be included in the HTDA
framework in a consistent way. It is expected that these two
types of correlations affect the present results with opposite
signs. Such a study is currently under way.
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APPENDIX A. ISOSPIN OPERATOR Tˆ2 AND
ONE- AND TWO-BODY MATRIX ELEMENTS
The operator Tˆ2 can be written as the sum of a one-body
operator Oˆ1 and a two-body operator Oˆ2 acting in the Fock
space
Tˆ
2 = Oˆ1 + Oˆ2 , (A-1)
Oˆ1 =
∑
i
tˆ
2
i , (A-2)
Oˆ2 =
1
2
∑
i6=j
2 (tˆi ⊗ tˆj) , (A-3)
where tˆi ⊗ tˆj = tˆx ⊗ tˆx + tˆy ⊗ tˆy + tˆz ⊗ tˆz . We define the
one-body and two-body operators oˆ1 and oˆ2 acting in the
one-particle space and the two-particle space, respectively,
by
oˆ1 = tˆ
2 , (A-4)
oˆ2 = 2 (tˆ⊗ tˆ) = 2
(
tˆx ⊗ tˆx + tˆy ⊗ tˆy + tˆz ⊗ tˆz
)
. (A-5)
Introducing the operators tˆ+ and tˆ− defined by
tˆ+ = tˆx + itˆy , (A-6)
tˆ− = tˆx − itˆy , (A-7)
we can rewrite oˆ2 as
oˆ2 = tˆ+ ⊗ tˆ− + tˆ− ⊗ tˆ+ + 2 (tˆz ⊗ tˆz) . (A-8)
The Hartree–Fock basis is built up from the single-
particle states generically noted |i〉. They describe either a
neutron state or a proton state, so they are eigenstates of
the isospin operators tˆ2 and tˆz
tˆ
2|i〉 = 3
4
|i〉 (A-9)
tˆz|i〉 = τi|i〉 =
{
1
2 |i〉 neutron
− 12 |i〉 proton .
(A-10)
In practice, we expand the single-particle states |i〉 on the
cylindrical harmonic oscillator (HO) basis
{|α〉} as follows
|i〉 =
∑
α
C(i)α |α〉 ⊗ |t τi〉 , (A-11)
10
where α stands for the 4 quantum numbers nz, n⊥, Λ
(eigenvalue of ℓˆz) and Σ (eigenvalue of sˆz), t = 1/2 and
τi = ±1/2 depending on the nature of the particle.
The action of the operators tˆ− and tˆ+ on the single-
particle states |i〉 is given by
tˆ−|i〉 = δin
∑
α
C(i)α |α〉 ⊗ |t τi − 1〉 , (A-12)
tˆ+|i〉 = δip
∑
α
C(i)α |α〉 ⊗ |t τi + 1〉 . (A-13)
The matrix elements of tˆ− and tˆ+ in the Hartree-Fock basis
thus write
〈i|tˆ−|k〉 = δipδkn〈i|k〉space−spin , (A-14)
〈i|tˆ+|k〉 = δinδkp〈i|k〉space−spin . (A-15)
In the above equations and elsewhere in this paper, the sub-
script “space-spin” attached to an overlap of single-particle
states means that the overlap is restricted to the space
and spin variables only. This allows to consider such over-
laps between two nucleonic states corresponding to different
charges. Since the time reversal operator does not act on
isospin, we have
〈i|tˆ±|k¯〉 = 0 , (A-16)
where |k¯〉 is the time-reversed conjugate state of |k〉, and
〈¯i|tˆ±|k¯〉 = 〈i|tˆ±|k〉 . (A-17)
From Eq. (A-9) we easily get
〈i|oˆ1|j〉 = 3
4
δij (A-18)
and using Eqs. (A-8), (A-14) and (A-15), we can write the
two-body matrix element 〈ij|oˆ2|kℓ〉 as
〈ij|oˆ2|kℓ〉 =2τiτjδikδjℓ + (δipδknδjnδℓp + δinδkpδjpδℓn)×
〈i|k〉space−spin 〈j|ℓ〉space−spin .
(A-19)
To close this appendix, we recall useful expressions for
the expectation value of one-body and two-body operators
in a Slater determinant |Φi〉 and related matrix elements.
For a one-body operator Oˆ1 we have
〈Φi|Oˆ1|Φi〉 =
∑
k∈Φi
〈k|oˆ1|k〉 , (A-20)
〈Φi|Oˆ1a†kaj |Φi〉 = δhj δpk 〈j|oˆ1|k〉 , (A-21)
where the sum
∑
k∈Φi
runs over the occupied single-particle
states |k〉 of the Slater determinant |Φi〉. In Eq. (A-21)
and below, δhj (resp. δ
p
k) is equal to 1 if |j〉 (resp. |k〉) is a
hole state (resp. particle state) with respect to |Φi〉 and 0
otherwise. For two-body operators we have
〈Φi|Oˆ2|Φi〉 = 1
2
∑
j,k∈Φi
〈jk|oˆ2|j˜k〉 , (A-22)
〈Φi|Oˆ2a†ℓak|Φi〉 = δhkδpℓ
∑
j∈Φi
〈jk|oˆ2|j˜ℓ〉 , (A-23)
〈Φi|Oˆ2a†k1a
†
k2
aj1aj2 |Φi〉 = δhj1δhj2δpk1δ
p
k2
〈j1j2|oˆ2|k˜1k2〉 ,
(A-24)
where |i˜j〉 = |ij〉 − |ji〉.
APPENDIX B. COMPARISON OF TWO SLATER
DETERMINANTS
Let us consider two Slater determinants |Φi〉 and |Φj〉
built from the same set of orthonormal single-particle basis
states. They may therefore be thought of as n-particle–
n-hole and n′-particle–n′-hole excitations on a reference
Slater determinant which may be chosen as the Hartree–
Fock ground state |Φ0〉
|Φi〉 = a†β1 · · · a
†
βn
ab1 · · ·abn |Φ0〉 , (B-1)
|Φj〉 = a†γ1 · · · a†γn′ac1 · · ·acn′ |Φ0〉 , (B-2)
where β1 < · · · < βn and γ1 < · · · < γn′ are two sets of
particle states (with respect to |Φ0〉) and b1 < · · · < bn and
c1 < · · · < cn′ are two sets of hole states. We can express
|Φj〉 as a function of |Φi〉 as
|Φj〉 = a†γ1 · · · a†γn′ac1 · · ·acn′a
†
bn
· · · a†b1aβn · · ·aβ1 |Φi〉 .
(B-3)
We denote by H the set of hole states in common between{
b1, · · · , bn
}
and
{
c1, · · · , cn′
}
H = {ch′
i
= bhi , 1 6 i 6 Nh
}
, (B-4)
where Nh is the number of hole states in common. Sim-
ilarly P is the set of particle states in common between{
β1, · · · , βn
}
and
{
γ1, · · · , γn′
}
P = {γp′
i
= βpi , 1 6 i 6 Np
}
, (B-5)
where Np is the number of hole states in common. There-
fore it can be shown that
|Φj〉 =
ϕij
( n′∏
k=1
γk /∈P
a†γk
)( 1∏
k=n
bk /∈H
a†bk
)( n′∏
k=1
ck /∈H
ack
)( 1∏
k=n
βk /∈P
aβk
)
|Φi〉 ,
(B-6)
where the associated relative phase is given by
ϕij = (−1)
n+n′+Nh+
NhP
k=1
(hi−h′i)+
NpP
k=1
(pi−p′i)
. (B-7)
Changing the order of the creation and/or annihilation op-
erators in Eq. (B-6) would change the sign of ϕij .
Finally the relative excitation order R(Φi,Φj) between
the two Slater determinants |Φi〉 and |Φj〉, defined as the
number of creation (or annihilation) operators in Eq. (B-6),
is simply given by
R(Φi,Φj) = n+ n′ − (Nh +Np) . (B-8)
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APPENDIX C. NUCLEAR SHAPE AND SIZE
QUANTITIES
Starting from the nuclear shape determined in a self-
consistent way by the HTDA solution, we can extract
a quadrupole deformation parameter β2 by approximat-
ing the nuclear shape by the equivalent spheroid hav-
ing the same root-mean-square mass radius rm and mass
quadrupole moment Q20 as the actual nucleus. The semi-
axes c (along the symmetry axis) and a (in the perpendic-
ular direction) are related to rm and Q20 through
Ar2m =
∫
d3r ρ(r) r2 =
1
5
(2a2 + c2) , (C-1)
Q20 = 2
∫
d3r ρ(r) r2P2(cos θ) =
2
5
A (c2 − a2) , (C-2)
where A = N + Z, ρ(r) is the isoscalar nuclear density
(sum of neutron and proton contributions) and P2 is the
Legendre polynomial of degree 2.
The β2 parameter is then calculated for this equivalent
spheroid by expanding the nuclear radius in polar coordi-
nates according to the βl-parametrization [18]
R(θ) =
a√
1− α cos2 θ (C-3)
= R0
(
1 +
∞∑
l=1
βl Y
0
l (θ)
)
, (C-4)
with
α = 1− a
2
c2
. (C-5)
This allows us to derive the analytical expression of β2 for
the equivalent spheroid as a function of α as
β2 =

√
5π
[
3
2α
(
1−
√
α(1−α)
Arcsin
√
α
)
− 1
]
α ∈]0; 1[
0 α = 0
√
5π
[
3
2α
(
1−
√
−α(1−α)
ln (
√−α+√1−α)
)
− 1
]
α < 0
.
(C-6)
As for the mass hexadecapole moment Q40, we calculate
it using the following expression with usual notation
Q40 =
∫
d3r ρ(r) r4 Y 04 (θ) . (C-7)
Finally, the charge radius rc is calculated as in Refs. [19,
20] through
r2c =
∫
d3r
∫
d3s fp(r− s) ρp(r) r2 , (C-8)
where ρp(r) is the proton density and fp(x) denotes the
proton form factor. With a Gaussian form for the latter,
fp(x) = exp(−x2/r 20 )/(r0
√
π), we have
r2c = r
2
p +
3
2
r 20 , (C-9)
with
r2p =
∫
d3r ρp(r) r
2 . (C-10)
In our calculations we choose to use the value r0 = 0.65 fm
(32r
2
0 = 0.64 fm
2) from Ref. [20].
APPENDIX D. TECHNICAL ASPECTS OF THE
CALCULATIONS
We illustrate in this appendix the importance of several
technical aspects of the mean-field calculations that can
have a substantial impact on the quality of the results for
the isospin-mixing parameter α2.
First, the choice of the reference Slater determinant |Φ0〉
for HTDA calculations is very important. Figure 5 shows
the variation of the isospin-mixing parameter α2 calculated
within the HTDA approach with the number of prelimi-
nary HFBCS iterations, in the case of 48Cr. As an initial
potential we choose the Woods–Saxon potential including
a spin-orbit term with the same parameters for neutron
and protons (hence without Coulomb interaction for the
first iteration). From the decreasing and saturating trend
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FIG. 5: Variation of the isospin-mixing parameter α2 calculated
within the HTDA approach with the number of preliminary HF-
BCS iterations, in the case of 48Cr.
obtained here, we conclude that the consistency of the un-
derlying mean-field from which |Φ0〉 is determined plays an
important role. In other words a poor mean-field is a source
of spurious isospin symmetry breaking.
The second aspect of importance is the convergence of
α2 with the number m of Slater determinants contributing
to |Ψ〉 retained in the calculation of 〈Ψ|Tˆ2|Ψ〉. The Slater
determinants |Φ(q)i 〉 entering the expansion (6) of |Ψ(q)〉 are
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arranged in decreasing order of |χ(q)i |. The results are shown
in Fig. 6, whereas in Fig. 7 we present the variation of
the neutron and proton Slater determinant amplitudes |χm|
with m.
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FIG. 6: Variation of α2 with the number of Slater determinants
|Φi〉, from the expansion of the HTDA ground state |Ψ〉, that
are used to calculate α2.
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FIG. 7: Variation of the neutron (open circles) and proton (open
triangles) Slater determinant amplitudes |χm| with the number
m of Slater determinants retained from the expansion of |Ψ〉 for
the calculation of α2. The first point is for m = 1, the dominant
component in |Ψ〉.
Finally, we have checked for three nuclei that the values
of the isospin-mixing parameter calculated in the HTDA
approach is not sensitive to the procedure of optimization
of the harmonic oscillator basis parameters b and q (with
the notation of Ref. [17]), namely at the level of the prelimi-
nary HFBCS calculations or at the final stage of our HTDA
approach. The optimized values of b and q obtained in each
of the two schemes are reported in Table III together with
the resulting values of α2 for 24Mg, 40Ca and 80Zr. We
recall that the cylindrical harmonic oscillator basis used in
all calculations contains 15 major shells, which corresponds
to N0 = 14 in the notation of Ref. [17].
TABLE III: Optimized values of b and q obtained in the two
optimization schemes (at the level of the preliminary HFBCS
calculations or at the final stage of the HTDA calculations) and
resulting values of the isospin-mixing parameter α2 calculated
in the HTDA approach for 24Mg, 40Ca and 80Zr.
Nucleus
HFBCS optimization HTDA optimization
b q α2 (%) b q α2 (%)
24Mg 0.65 1.28 3.001 0.65 1.05 2.999
40Ca 0.66 1.00 4.228 0.66 1.00 4.228
80Zr 0.60 1.37 5.229 0.58 1.45 5.264
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